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Abstract 
Five localities within the Puerto Madryn Formation  on Peninsula Valdés, Chubut 
Province, Argentina were investigated in order to assess the effects of volcanic ash on 
shallow marine communities during the early-late Miocene (Tortonian). All five localities 
expose shallow marine deposits, and contain invertebrate fossils including abundant 
decapod crustaceans. Sediments and fossils were analyzed using multiple geochemical 
and visual methods including scanning electron microscopy (SEM), electron dispersive 
spectroscopy (EDS), X-ray diffraction spectroscopy (XRD), petrographic microscopy, 
and reflected light microscopy.  The sediments uniformly contain a high percentage of 
very fine volcanic ash. Three previously unstudied localities including two paleosurfaces 
and a stratigraphic section which record a single mass mortality event were documented. 
Two paleosurfaces described by Casadío et al. (2005) were revisited in order to assess the 
cause of death of the fossil assemblages at those sites. The crustaceans are interpreted to 
have been the victims of acute respiratory failure due to the introduction of volcanic ash 
to the branchial chamber. 
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Introduction and Previous work 
 The Cenozoic transgressive deposits of Patagonia were first recognized by French 
naturalist Alcide d’Orbigny in 1842. He recognized the extensive fossiliferous deposits in 
northern Patagonia, referring to them as the “Tertiaire Patagonien”.  Later, in 1846, 
Charles Darwin would refer to these deposits collectively as the “Patagonian Formation” 
after encountering them during his tenure aboard the HMS Beagle (Darwin, 1846). 
Florentino Ameghino (1934) later separated the “Patagonian Formation” into three faunal 
zones; the Piso Cameronense, Piso Juliense, and the Piso Leonense . Much of this early 
work was done in the more southern regions of Patagonia, and corresponded to earlier 
Cenozoic deposits, primarily Paleogene. The units studied herein are contained within the 
Puerto Madryn Formation, which was first formally recognized and described as a 
distinct unit by Haller (1978). Darwin’s “Patagonian” sequences end at the base of the 
Puerto Madryn Formation, and the “Entrerriense” or “Paranense” sequences begin. The 
age of the Entrerriense has been the subject of much debate since the mid 19th century 
(see Table 1). Since its first recognition by d’Orbigny in 1842, the Entrerriense has been 
placed from the Eocene to the Pliocene, most age assignments having been based on 
fossil assemblages and malacological data. In 1842, d’Orbigny placed it in the Eocene, 
but this assessment was challenged by Philippi (1893) and Borchert (1901), who both 
placed it in the Pliocene. Malumián and Masiuk (1973) assigned the unit a late Miocene 
age based on the presence of the index foraminiferan Protnelpnidium tuberculatum. 
Zinsmeister et al. (1981) used K/Ar geochronology to assign an age of 9.4 Ma to the 
uppermost section of the Puerto Madryn Formation exposed at Bahía Cracker, Chubut, 
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Argentina; however most recently, Scasso et al., (2001) assigned an age of 10.0-10.3 Ma, 
using 87Sr/86Sr dating methods. 
 Although the Puerto Madryn Formation has been studied since the mid 19th 
century, until recently, paleontological studies have been few and far between. In 1846, 
Sowerby described and illustrated three species from the Puerto Madryn Formation; 
however, in the following 100 years, little to no paleontological work was done in the 
area. In 1992, del Río published an extensive study of mollusks contained within the 
Puerto Madryn Formation, where she described four families and ten genera. 
The decapod fauna of the Entrerriense has been known since d’Orbigny described 
Chaceon peruvianus in 1842. Since then, at least seven decapod families have been 
described in the Puerto Madryn Formation alone (Casadío et al., 2005). In their 2005 
study, Casadío et al., also recognized eight distinct marine invertebrate assemblages. 
Oysters and pelecypods tended to be the most abundant, comprising 20-100% of many 
localities; however, decapods sometimes comprised significant percentages, up to 20% or 
more. 
 In addition to the abundant invertebrates contained in the Puerto Madryn 
Formation, workers have also identified several different vertebrate groups including fish, 
seals, rodents, and even penguins (Hospitaleche et al., 2007). 
 Crawford et al. (2008), described a mass mortality event involving decapods in 
the Monte León Formation (early Miocene). It was found that Andean volcanism had 
catastrophic effects on marine communities when ash content in marine sediments was up 
to 25%. Most notably, an assemblage of juvenile Archaeogeryon latus Glaessner, 1933, 
and Chaceon peruvianus was found asphyxiated by volcanic ash originating from an 
eruption in the Andes; a diagnosis based on the tuffaceous composition of the sediment 
and the posture of the third maxillipeds, which were in an open position, indicating 
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respiratory distress. The purpose of this study is to document and describe the 
paleoecology and sedimentology of other instances in which the deposition of volcanic 
ash has had catastrophic effects on shallow marine ecosystems during the Miocene of 
northern Patagonia.  
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Geologic setting 
 
The latest Mesozoic (Maastrichtian) through the Paleogene and Neogene (Danian-
Tortonian) of the eastern Patagonian margin is characterized by a series of transgressive 
sequences during which the Atlantic Ocean periodically covered large portions of the 
southern South American continent (Malumian, 2011). The fluctuations in sea level were 
controlled by local tectonic perturbations of the passive eastern margin of South America, 
as well as broader scale eustatic fluctuations (Malumian, 1999). The extent of the 
transgressions and shape of the coastline were largely controlled by the degree of sea 
level change and the orientation of areas of positive relief (the Patagonian Atlantic Dorsal 
in the north and the Fuegian orocline in the south). According to Malumian (2011), five 
major transgressive events occurred; the Maastrichtian-Danian, the late middle Eocene, 
the late Oligocene, the early Miocene, and the middle Miocene. The material studied 
herein is contained within members of the Puerto Madryn Formation, which crops out in 
the Valdes Peninsula, Chubut, Argentina (Figure 1), and is of early-late Miocene 
(Tortonian) age. The Puerto Madryn Formation was deposited during the middle Miocene 
transgression, which was largely restricted to northern Argentina; however some areas of 
northern Patagonia were affected (Figure 2). The coastal platforms of the Puerto Madryn 
Formation expose paleosurfaces on which the shallow marine fauna established during 
the middle Miocene transgression are exceptionally well preserved. 
 During the same time as these transgressive sequences, episodes of intense 
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volcanism associated with the continued subduction of the Nazca Plate along the Andean 
margin had periodic and catastrophic effects on marine ecosystems. Some of these ash 
fall events have been recorded in the Monte León Formation (early Miocene, Santa Crúz 
Province, Argentina) in the Austral Basin, where marine faunal assemblages dominated 
by crabs have been preserved in volcanic ash (Crawford et al., 2008). Other ash fall 
events have been recorded in the Estancia 25 de Mayo Formation of the Calafate region 
(Santa Cruz Province, Argentina) and in the Puerto Madryn Formation in the Puerto 
Piramide region of the Valdés Peninsula (Chubut Province, Argentina) (Malumián, 1999). 
The Puerto Madryn Formation was deposited on top of the upper Oligocene-lower 
Miocene Gaiman Formation which, in the Valdés Peninsula region, is capped by 
tuffaceous mudstones. The contact between the Puerto Madryn and Gaiman Formations 
is a transgressional ravinement surface (Scasso et al., 2001). Cineritic mudstones in the 
Puerto Madryn Formation also record ash fall events (Alvarez et al., 2009). 
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Methods – Fieldwork 
Field work was conducted in March-April 2014 in the Valdes Peninsula, Chubut 
Province, Argentina by members of the Kent State University Department of Geology, 
and The National University of Río Negro. Five localities of the Puerto Madryn 
Formation along the coast of the Valdés Peninsula were studied. Two were at Puerto 
Piramides, which in a previous study by Casadío et al., 2005, were referred to as 
Paleosurface II and Paleosurface III. In the interest of consistency, these names will be 
retained in this study. The three localities unique to this study are Punta Pardelas, Golfo 
San Jose, and Playa Fracaso. Coordinates for these localities are given below. 
Paleosurface II – 42° 35' 40.8” S, 64° 15' 29.9” W 
Samples of crabs, oysters, and sediments were collected. Detailed paleosurface maps may 
be found in Casadío et al.  (2005). Their mapping and species identification is treated 
with confidence in this study. 
Paleosurface III –42° 35' 40.8” S, 64° 15' 29.9” W 
Samples of crabs, oysters, trace fossils, and sediments were collected. In addition, 
sediment samples from the cliff face 40, 120, 130, and 160cm above Paleosurface III 
were collected. At the 40cm interval, trace fossils assigned to Asterosoma were collected. 
Detailed paleosurface maps of this surface may be found in Casadío et al. (2005). Their 
mapping and species identification is treated with confidence in this study. 
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Punta Pardelas – 42º 37' 10.7” S, 64º 15' 24.4” W 
The paleosurface at Punta Pardelas (Figure 1, location 2) was mapped using a 0.5 m X 
0.5 m PVC square. The square was laid on the surface, and all fossils within the square 
were documented, and specimens collected where appropriate. A total of 120 squares 
were recorded in this manner, covering 30 square meters; an area considered sufficient to 
document the paleoecology of the exposed surface. Because decapods are of principal 
concern in this study, their occurance and orientation was recorded in an area projected 5 
meters northeast from the grid area, adding an additional 75 square meters to the map 
area.   
Golfo San José – 42º 24' 54.5” S, 64º 16' 55.9” W 
A stratigraphic section at Golfo San José (Figure 1, location 3) was constructed, 
measuring 705cm. The section was divided into 11 distinct units, where lithology and 
fossil occurrence were recorded from each section (Figure 3). Fossil specimens were 
collected for identification where necessary, and sediment samples were collected for 
laboratory analysis. Unit 4 was exposed as a paleosurface, at some areas along the 
coastline, and additional decapod specimens were collected for analysis. 
Playa Fracaso – 42º 25' 40.4” S, 64º 08' 08.8” W 
Fifty decapod specimens, as well as two different species of bryozoan were collected for 
identification and analysis at Playa Fracaso (Figure 1, location 4). Orientations with 
respect to bedding for in situ specimens were also recorded. Sediment samples were also 
collected for later analysis. 
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Lab work 
Scanning Electron Microscopy (SEM) and Electron Dispersive Spectroscopy (EDS) were 
performed using an AMRAY 1600 Turbo series fitted with an EDAX analyzer. A Leica 
DM EP microscope was used for petrographic analysis. Reflected light microscopy, and 
X-Ray diffraction spectroscopy (XRD) using Cu K-α emission were also performed. 
SEM examination permitted the identification of minute ash grains (~10µ), petrographic 
microscopy was used to obtain point counts in an effort to quantify ash content and 
describe the petrogenesis of the sediment, and XRD was used to characterize bulk 
mineralogy. A mortar and pestle technique was used to pulverize samples for XRD 
analysis; however, owing to the very fine-grained matrix, small aggregates of sediment 
which formed from sintering could not be avoided.   
 Because of the poorly indurated nature of all rock material collected in this study, 
samples were impregnated using Struers EpoFix© low viscosity epoxy in order to 
prepare them for thin sectioning. In many cases it was necessary to reduce the viscosity 
of the epoxy because the very fine-grained matrix allowed for minimal impregnation 
depth. This was achieved by diluting the epoxy with acetone, which improved the 
impregnation depth but drastically increased the cure time from 12 to up to 72 hours.  
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Taphonomy and Paleoecology– Overview 
Volcanic ash can contribute to the enhancement of fossil preservation in several 
different ways, both physically and geochemically. Volcanic eruptions provide large 
quantities of fine-grained material which can rapidly kill and bury organisms. Moreover, 
the very fine grain size restricts the ability of oxygen to move through sediments, thereby 
greatly reducing the rate of decay. Geochemically, volcanic ash can provide a source of 
ions which can be used for replacement and mineralization of organic tissue. Hay, (1986) 
documented cases in East Africa in which a diverse Cenozoic fauna was preserved in 
carbonotitic volcanic ash which provided carbonate ions used in the replacement of 
organic tissues. Volcanic ash has also been cited by many as a source of silica for the 
permineralization of petrified wood (Ballhaus et. al., 2012). It follows that geographic 
provinces in which volcanic activity is prevalent are more likely to contain abundant and 
well preserved fossil assemblages.  
Argentina has recently become widely known for its rich and plentiful fossil 
deposits in which many instances of remarkable preservation are displayed. Although 
most well-known for terrestrial vertebrate fossils deposits, Argentina also has an 
exceptionally diverse fossil record of marine invertebrates, especially from the 
Cretaceous and later. Much like the western cordillera of North America, tectonic activity 
and volcanism in Argentina have been extremely active during the Cretaceous and into 
the Cenozoic. Large amounts of volcanic ash blanketed the landscape, causing mass kills, 
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and also enhancing the likelihood of fossil preservation. Tapanila and Roberts (2014) 
suggested that volcanic ash may enhance the preservation of fossils in continental basins 
by mediating the flow of groundwater which has the potential to destroy or degrade fossil 
material through dissolution even millions of years after burial. This study shows that 
volcanic ash also enhances preservation in the marine realm, by providing large volumes 
of fine grained material, and causing rapid burial. These macrotaphonomic processes, 
which are ultimately controlled by tectonism play a major role in the likelihood that an 
organism will be preserved as a fossil, and may help explain some of the heterogeneity in 
the fossil record.  
Study Area 
 Decapod specimens from all localities in the area of study display remarkable 
preservation, with cuticular structures sometimes preserved on the micron scale. This 
extraordinary preservation is rare, especially for decapods, which are generally not well 
represented in the fossil record (Feldmann and McPhearson, 1980; Bishop, 1986), owing 
to their generally lightly scleritized cuticle.  
The cuticle of all decapod specimens collected in this study is preserved via 
phosphatization. Calcite cement is present in regions close (1-2 mm) to the carapace of 
crab corpses, and in some cases, these regions are stained with iron. The paragenesis of 
minerals during the decay and phosphatization process in many crustaceans is such that 
calcium phosphate and calcium carbonate are often found in association with one another 
(Briggs et al, 1993; Hof and Briggs, 1998), and the lack of calcite cement in obvious 
molts further supports the contention that the cement present near and inside corpses was 
microbially induced during the slow decay of soft internal tissues. A micrograph of a 
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cross section through a pereiodpod of a specimen of Chaceon peruvianus, highlights 
regions where biogenic calcite is present (Figure 4).  
 Although there was a high availability of amorphous silica from volcanic glass 
and quartz, at most localities, the geochemical conditions were never such that the 
precipitation of silica was favored over the precipitation of calcium carbonate or calcium 
phosphate. The conditions which promote silica precipitation are such that seawater is 
oversaturated with respect to silica, and under saturated with respect to calcium carbonate 
and calcium phosphate. These conditions are known to occur in areas where meteoric 
ground water mixes with seawater (Knauth, 1979).  A prograding shoreline during early 
diagenesis would provide these conditions; however, the units overlying the 
paleosurfaces in this study generally indicate small transgressive sequences, and a 
retrograding shoreline, effectively keeping that unit saturated in sea water during early 
diagenesis. This sets the stage for early diagenetic conditions which do not favor the 
replacement of calcium carbonate with silica. 
The high numerical abundance of decapods at the localities studied herein also 
suggests that a unique taphonomic pathway is responsible for their exceptional 
preservation, as decapods are generally not very well represented in the fossil record, 
owing to their weakly scleritized cuticle, and tendency to easily disarticulate (Feldmann 
and McPhearson, 1980). The deteriorated condition of the dorsal side of many specimens 
is attributed to recent weathering from exposure to ocean water and high energy wave 
action following exhumation. 
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Punta Pardelas – The benthic community at Punta Pardelas consists largely of decapods, 
mollusks, and bryozoans (Figure 5). The remains of a single large marine vertebrate of 
unknown affinity were also found preserved just outside the mapped area. The decapods 
are preserved in life position, generally concordant with bedding, with a preferred NNW-
SSE, ENE-WSW orientation, indicating the paleosurface at Punta Pardelas likely 
represents a benthic community preserved in situ, resulting from lower energy burial. It is 
possible that the decapods were able to reorient themselves after burial in an attempt to 
escape, however this is rather unlikely due to their concordance with the bedding plane. 
Rarely, specimens are slightly inclined with respect to bedding. The majority of decapods 
are fully articulated, and interpreted to be corpses, not molts, with no evidence of Salter’s 
position. This further indicates that burial was likely in a low to moderate energy setting. 
Specimens also display a unique positioning of mouth parts, where the third maxillipeds 
are in an unusual open position (Figure 6). This position is rare, as most decapods in the 
fossil record are preserved in a normal resting position, with their third maxillipeds held 
closely against the carapace (Crawford et al., 2008). Arudpragasm and Naylor (1969) 
demonstrated that this positioning is associated with periods of reversed flow of water 
through the branchial chamber, and can be associated with respiratory distress and an 
attempt by the animal to irrigate gills with freshly oxygenated water and remove harmful 
irritants. Applying these observations, Crawford et al. (2008) later documented a mass 
kill of decapods in the early Miocene Monte Leon Formation in southern Patagonia, 
where crab specimens were found smothered in volcanic ash, and also displayed this 
unique positioning of the third maxillipeds. 
The molluscan fauna are all preserved with original calcite or aragonite and still 
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retain some nacreous material on the inside and sometimes the outside of the shell. 
Structures representing original shell architecture are also preserved. Most are in life 
position with varying degrees of bioerosion, caused mostly by Gastrochaenolites and 
Entobia. Some of the oysters have been filled in with modern terrigenous beach sand 
which consists mainly of well-rounded grains of quartz and potassium feldspar. Many 
specimens of Ostrea patagonica display high degrees of bioerosion, mainly on the 
exterior of their valves, indicating the animals were alive upon burial. The portions of the 
oysters which protrude above the paleosurface are more heavily abraded than the portions 
below the surface. This indicates that much of the observed abrasion is a result of modern 
processes which have affected the surface after exhumation. Most mollusks are preserved 
in life position, and where disarticulated, the valves show no preferred orientation. 
Bioturbation is pervasive at Punta Pardelas and is dominated mainly by the 
Thalassinoides ichnofabric, with lesser amounts of Asterosoma and Skolithos traces. 
There is also evidence of scavenging traces on many of the decapod corpses, indicating 
that the animals which colonized the sediment after the mass kill event were both grazers 
processing sediment and scavengers feeding on macro fauna.  
Playa Fracasso 
The benthic community at Playa Fracaso is dominated by crabs with rare occurrences of 
bryozoans. Of the 51 decapod specimens collected, 34 were Archaeogeryon latus, 4 of 
which were molts; 7 were Chaceon peruvianus; 1 was a molt of Romaleon parspinosus 
Casadío, 2005; 1 was a moult of thus far undetermined affinity; and 8 were fragmentary 
pieces (usually claws and legs, presumably from disarticulated molts). All non-molt 
specimens of A. latus were preserved in life position, some concordant with bedding, and 
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others inclined as much as 15º from the bedding plane, indicating some specimens may 
have been attempting to escape burial and were alive as burial occurred. This positioning 
also suggests that the deposition of volcanic ash was directly responsible for the death of 
the animals. All of the larger specimens of C. peruvianus were preserved with their third 
maxillipeds in an open position. One specimen of C. peruvianus was preserved with its 
right cheliped inserted into the anterior opening, beneath its third maxilliped. All 
specimens of C. peruvianus were also preserved in life position, and in some cases, fecal 
pellets were preserved in the matrix surrounding the animals, and inside the animals 
themselves (Figure 7). The fecal pellets are all the same size and shape, regardless of the 
size of the specimen with which they are found, and consist largely of sediment which is 
the same composition as the surrounding matrix. The composition, size, and morphology 
of the pellets suggest that they do not belong to the decapod specimens with which they 
are found. Rather they were deposited by scavengers which colonized the volcanic 
sediment after the burial event, presumably to feed on the decaying remains of crabs. The 
clustering of  pellets close to the corpses of decapods also closely matches pellets 
described by Feldmann et al. (2012) that were also interpreted to have been deposited by 
scavengers. 
Chemical analysis of cuticle through electron dispersive spectroscopy (EDAX) 
showed that the mode of preservation for the crab fossils was phosphatization, and the 
cuticle is now composed of apatite. The interior of specimens of Archaeogeryon latus is 
much more heavily cemented than the surrounding sediment, and a strong reaction with a 
10% hydrochloric acid solution indicated that the cement is calcium carbonate. It is likely 
that the increased cementation was a result of the microenvironment inside the fossil 
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specimens in which microbiologically induced calcite precipitation took place.  
 The dorsal side of the carapaces of almost all specimens from Playa Fracasso is 
very poorly preserved, with the cuticle usually entirely missing, and the internal moldic 
surface exposed. This is due to modern processes, as the fossils are exposed in the high-
energy intertidal zone where, over a relatively short period of time after exhumation, the 
dorsal cuticle would have been rapidly abraded and worn off by high energy wave action. 
The ventral side is remarkably well preserved with both epicuticle and endocuticle still 
intact. 
 There are three different scavenging traces which occur near the corpses of crabs 
at Playa Fracasso (Figure 8). Type 1 traces are planar tubular burrows usually measuring 
1-3 mm in diameter. Iron staining in and around the burrow structure may indicate that 
the burrow was lined with some type of organic material, which created localized redox 
conditions during diagenesis. Type 2 traces are subplanar and inclined, usually measuring 
1-3 mm in diameter and are backfilled with very fine-grained white material which 
resembles the matrix of the surrounding rock, without any of the coarse grains. The 
reason for the difference between the backfill and the surrounding matrix remains 
unclear. Type 3 traces are small (0.5-1 mm diameter) vertical burrows with usually strong 
iron staining in and around the edges of the burrow, indicating that they too may have 
been lined with organic material. 
 
Paleosurface II 
Of the three paleosurfaces studied by Casadio et al. (2005) Paleosurface II had the 
highest concentration of decapods, at 22.78%. Bivalve mollusks, brachiopods, and 
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decapods together were the most abundant, accounting for 97.37% of all specimens 
mapped. Six species of decapod were recorded (Chaceon peruvianus; Rochinia boschii 
Casadío, 2005; Panopeus piramidensis Casadío 2005; Archaeogeryon latus; Osachila 
valdesensis Casadío, 2005; and Romaleon parspinosus Casadío, 2005).  A detailed 
inventory and map of Paleosurface II can be found in their 2005 publication. Minor 
components including vertebrates (mostly fish), barnacles, gastropods, and bryozoans 
were also documented. The decapods were generally solitary, fully articulated, and 
concordant with bedding, showing a NW-SE, NE-SW preferred orientation. This non-
random orientation indicates that post-mortem transport did not occur prior to burial, and 
that Paleosurface II represents an in situ benthic community. The mollusks occur in 
clusters of up to 12 individuals, but some are also found solitary. The majority of the 
mollusks are also preserved in life position, their valves together, and perpendicular to 
bedding. Mollusks disarticulate rapidly upon death (Brett and Baird, 1986), so the 
prevalence of fully articulated shells is indicative of rapid burial. Their preservation in 
life position is also indicative of low to moderate energy at the site of burial, as a higher 
energy event such as a storm would likely uproot the mollusks, re-depositing them in a 
flat, hydrodynamically stable position concordant with bedding. 
Paleosurface III 
Paleosurface III was almost entirely dominated by the oyster Ostrea patagonica. Casadio 
et al. (2005) mapped the surface and found that O. patagonica accounted for 99.3% of the 
fauna, while three specimens of Chaceon peruvianus accounted for the other 0.7%. The 
decapods were found on the outer margin of a cluster of oysters, all fully articulated and 
in life position, indicating no postmortem transport took place. 55% of the oysters were in 
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life position, with their valves oriented perpendicular to bedding. The disarticulated 
valves showed no preference for convex up or convex down, indicating weak bottom 
currents, as stronger currents would preferentially orient the valves in a convex up 
position. The oysters show a high degree of encrustation and bioerosion, with 
cheilostomate bryozoans and the barnacle Balanus as the major encrusters, and 
Gastrochaenolites as the major bioeroder. The mapping and species identification of 
Casadio et al. (2005) is treated with confidence, except for their identification of the trace 
fossil Zoophycos. That identification is amended herein to Asterosoma von Otto, 1854. 
This diagnosis is of little paleoecological consequence; however as Asterosoma is a 
relatively cosmopolitan trace fossil, found in shallow marine, lagoonal, deep-water 
turbidite, and even open marine sediments. Small Type 3 burrows sometimes associated 
with sulfide reduction are present throughout the rock. Sulfide reduction is not present in 
any other areas of the rock, indicating that the presence of organic matter within the 
burrows is likely responsible for the localized reducing conditions. Some pyrite is locally 
weathered and altered to hematite. This is likely due to modern conditions at the locality, 
in which pyrite would undergo rapid oxidation in the presence of sea water. 
Golfo San José 
The Golfo San José locality was divided into 11 distinct stratigraphic units, illustrated in 
Figure 3, totaling 7.05 meters in thickness. Each unit was paleontologically distinct, but 
all represent a shallow marine facies. Unit 1 was generally devoid of fossils, though some 
small burrows were present. Unit 2 contained mollusk and brachiopod shells and shell 
fragments in random orientations, as well as two species of cheilostome bryozoans. Of 
the mollusks, two species of pectinids (Amusium paris del Rio, 1992; and Aequipecten 
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paranensis d’Orbigny, 1842) and three species of oyster (Ostrea patagonica; Ostrea 
alvarezii; and Cubostrea alvarezi) were present, with few specimens of O. patagonica in 
life position. Though fragmented, few shells show signs of bioerosion. Unit 3 contained 
mostly O. patagonica and O. alvarezii in life position, as well as one species of 
unidentified gastropod. Unit 4 contained mostly disarticulated pectinids (A. paris and A. 
paranensis) with left and right valves concordant with bedding in both concave up and 
concave down positions. Unit 5 contained decapods in life position, concordant with 
bedding and was dominated largely by the Thallasinoid ichnofabric. Some of the burrows 
contained specimens of Archaeogeryon latus. Unit 6 was dominated by the Skolithos 
ichnofabric, with small Thallasinoid burrows with visible spreiten are also present. The 
oysters O. patagonica and O. alvarezii were also present, and in life position. Unit 7 was 
dominated by O. alvarezii which were largely in life position, as well as A. paris and A. 
paranensis, which were disarticulated; their valves were concordant with bedding. Unit 8 
was generally massive, with few disarticulated and broken shell fragments of uncertain 
affinity. Unit 9 contained O. alvarezii and unidentified pectinid fragments, all of which 
were disarticulated and concordant with bedding. Unit 10 was dominated by the Skolithos 
ichnofabric, with isolated and disarticulated pectinids and crab elements (usually claws). 
Unit 11 was a shell hash with all shells being disarticulated and broken 
 
 
 
 
 
 
19 
 
 
 
Sedimentology 
Overview – Sediment samples from the localities in this study tend to be very fine-
grained, with component sizes ranging from very fine sand to clay. Because of this, 
correctly identifying certain minerals in thin section using normal petrographic 
microscopy methods was difficult, and sometimes not feasible. Some quartz and feldspar 
grains could be recognized on the basis of morphology and twinning, but because of the 
very small grain size, it was often impossible to obtain usable interference figures to 
differentiate between quartz and untwinned feldspar. Because of this, point counts were 
limited to grouping components into matrix, volcanic glass, volcanic lithics, volcanic 
minerals, authigenic minerals (i.e. pyrite, glauconite, etc), and non-volcanic epiclastics. 
Scanning electron microscopy revealed the presence of minute ash particles on the order 
of 10µm or less. These particles would not be resolvable using a standard 40X objective 
lens on the petrographic scope. Additionally, the thin sections prepared are approximately 
30µm in thickness so minute shards of volcanic glass ended up stacked on top of each 
other, making their recognition impossible. Because of these factors, the total amount of 
volcanic glass recorded after point counting is likely considerably lower than the actual 
percentage in the samples. Petrographic analysis also revealed that much of the glass has 
begun to devitrify, or alter entirely to clay suites. Owing to its amorphous, non-crystalline 
nature, fresh volcanic glass is isotropic and appears black under crossed polarized light 
(XPL). However, devitrification processes have begun to crystallize and alter areas of the 
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glass, likely to microcrystalline cristobalite-tridymite, a typical alteration pathway of 
amorphous silica. This was recognized by the tendency of most glass shards to not be 
fully isotropic when viewed under the crossed Nichols lens. Alteration of volcanic glass 
is also known to produce clay suites as well as layered silicate minerals including 
chlorite, illite, kaolinite, smectite, montmorellinite, and others (Uchiyama et al., 1967). 
The smectite-clinoptilolite-opal CT association in many European chalk deposits has also 
been associated with the alteration of volcanic material (Pomerol and Aubry, 1977; 
Pomerol, 1984). The cryptocrystalline matrix present in the volcanic material studied 
herein can likely be attributed to similar volcanic alteration suites. Glass shards exhibit a 
patchy, sweeping extinction pattern (Figure 9), and were recognized by their very distinct 
morphology, which generally can be characterized by extreme angularity, low and 
irregular sphericity, abundant bubble trackways, cuspate bubble shards, and acicular 
needle like shards. Because of the many difficulties associated with characterizing these 
sediments, bulk mineralogy was analyzed using X-ray diffraction spectroscopy, so 
spectral patterns from different sites could be compared. 
Punta Pardelas, Playa Fracaso, and Paleosurface II 
All three localities represent paleosurfaces on which the composition of sediment is 
strikingly similar and is generally composed of poorly indurated, fine-grained, silty, 
volcanic sandstone. Only areas near corpses of crabs and other organisms are more 
heavily cemented with biogenic calcite. Thin sections of the samples from these localities 
revealed that pyroclastic material is the dominant component of the rock (Figure 10). It is 
largely matrix supported, the matrix consisting mainly of minute shards of partially to 
fully devitrified volcanic glass and volcanically derived altered clays. The most abundant 
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component is highly angular volcanic mineral fragments, most of which are feldspar and 
quartz, with minor amounts of amphibole and heavy opaque minerals (likely ilmenite). 
Pits and embayments on the surface of some of the mineral fragments indicate that they 
were back-reacting with the melt and were quenched upon eruption. Volcanic lithic 
fragments also make up a portion of the sediment, which usually consist of euhedral 
aggregates of minerals in a glassy matrix. Three different types of volcanic glass are 
present, all of which are generally 150µm or smaller. Type 1 glass consists of clear, 
cuspate fragments of bubble shards; type 2 consists of needle-like shards, which are 
likely fragments of pumice which were quenched during a violent eruption, preserving 
elongate bubble track ways; type 3 consists of irregular masses of gray to brown grains, 
probably containing many microcrystalline mineral impurities. Many grains of glass 
show signs of devitrification, and tend not to be fully isotropic under crossed Nichols. 
Altered grains which are no longer fully isotropic were recognized as volcanic glass 
based on morphology, relief, and generally patchy extinction patterns in altered zones. 
Mineral fragments are usually very angular and sometimes euhedral, indicating a low 
degree of subaqueous post-eruption transport.  There are also small quantities of non-
volcanic minerals present, usually rounded quartz, chlorite, and authigenic glauconite. 
These terrigenous sediments may indicate that the volcanic material underwent some 
subaqueous or aeolian transport before finally being deposited in the shallow sea. 
However, they occur in only very small amounts (<1%), indicating minimal mixing of 
terrigenous epiclastics and volcanic material. Punta Pardelas is at least 650km from the 
nearest possible volcanic source in the Andean front. Sediment transported that distance 
via fluvial processes would have undergone significant rounding. However, it is possible 
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that the volcanic material was transported the majority of the distance across the South 
American continent borne on strong Patagonian winds, and was deposited in fluvial 
systems more proximal to the eastern continental margin, or blown directly by wind, 
finally to be deposited in the shallow sea via subaqueous density currents, burying the 
benthic community at Punta Pardelas. This may explain the presence of small quantities 
of non-volcanic, rounded mineral grains. Alternatively, wave action may have mixed 
some of the original substrate with the pyroclastics, which could have been deposited 
entirely via air fall. Cuitiño and Scasso (2013) documented occurrences of volcanic ash 
interpreted to have been deposited via subaqueous density currents in the Miocene 
Estancia 25 del Mayo and Santa Cruz Formations. They posited that in the event of an air 
fall, wave action would have resulted in more vigorous mixing of pyroclastic and 
epiclastic material, as well as better rounding of the pyroclastics. Based on those 
inferences, they ruled out air fall as the mode of deposition in their study. We do not rule 
out direct air fall, based on the presence of some epiclastic material within the 
pyroclastics. The authigenic minerals were likely formed during the very early diagenetic 
stages after deposition.  
Paleosurface III 
The sediment which composes PS III is a very fine-grained, silty, volcaniclastic, 
mudstone which is strongly matrix-supported. The matrix is likely composed of a 
volcanically-derived clay suite dominated by smectite and minute shards of partially to 
fully altered volcanic glass. Smectite is known to form by the submarine alteration of 
volcanic glass (Pommeral and Aubry, 1977), and scanning electron microscopy of 
sediment from PS III revealed the presence of crenulated clays (Figure 11) in the matrix 
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which support the smectite identification.  The silt component is also largely volcanic, 
consisting of glass shards, small pumice fragments, and highly angular or euhedral 
volcanic mineral fragments. The high angularity of mineral fragments and the 
preservation of very delicate volcanic glass shards and euhedral minerals suggests that 
aeolian processes were responsible for the majority of transport of the volcanic material. 
The sediment has been reworked by burrowing organisms which likely colonized the 
sediment after the depositional event to scavenge or filter feed. The presence of 
bioturbators has destroyed much of the original sediment fabric; however some lenses of 
heavy opaque minerals, illustrated in Figure 10, may represent original fabric caused by 
hydrodynamic sorting or flocculation during deposition.  Although PS III is 
stratigraphically above PS II, it likely represents the same depositional event, indicating a 
pulse of finer grained sedimentation resultant from the same volcanic eruption. 
Golfo San José 
The outcrop at Golfo San José provides a unique opportunity to document the deposition 
of volcanic ash in a shallow marine setting at a distal continental margin. The onset of 
deposition of volcanic material begins at unit 4 of the measured section, and terminates at 
unit the base of 6 (Figure 12). These volcanic units consist of matrix-supported 
volcaniclastic siltstone and likely represent a single depositional event. Few rounded 
epiclastic grains are mixed in with the volcanics in units 4 and 5 indicating some mixing 
with terrigenous material; however, both units are largely dominated by pyroclastics. The 
thickness of the volcanic units is approximately 1.5 m, a thickness which is very unlikely 
to have been deposited via direct air fallout at such a great distance from the nearest 
volcanic provenance. Instead, at this locality, it is more probable that the pyroclastics 
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were emplaced as reworked aeolian or fluvial deposits. This would also explain the 
presence of some epiclasts. The pyroclastics were likely transported much of the way 
across the continent by aeolian processes before entering the marine realm. 
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Discussion and conclusions 
Correlation of mass mortality horizons 
At least four of the five localities studied herein can be stratigraphically correlated, and 
associated with the same volcanic event. Distinct lithologies, fossil assemblages, and X-
ray diffraction patterns were used to correlate units across field localities (Figure 13). 
Although Paleosurface III has a different lithology and grain size distribution, it has a 
very similar mineralogy and X-ray diffraction pattern (Figure 14, purple line), and was 
also very likely deposited as part of the same volcanic event, but represents a second 
pulse of more fine-grained sedimentation, making it likely that all five localities represent 
the same event. A second stratigraphic section at the Playa Fracaso locality (Figure 14) 
was also measured and correlated to the Golfo San Jose locality based on lithology and 
the presence of a distinct Thallasonoid unit. Small differences in the X-ray diffraction 
patterns are interpreted to be differences in sampling location within the volcanic horizon, 
where different stratigraphic levels represent pulses of the same eruption with slightly 
different chemistries, mineralogies, and grain sizes. These factors, particularly grain size, 
would also affect the diagenesis of sediments, as the increased surface area of finer-
grained sediments makes them more reactive, and susceptible to alteration, further 
contributing to differences in diffraction patterns. 
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Physiological and biological responses to volcanic ash 
It is well known that the effect of volcanic ash on terrestrial ecosystems is catastrophic. In 
vertebrates, very fine-grained and extremely sharp shards of volcanic ash and mineral 
fragments invade the lungs, and navigate through bronchioles to alveoli causing acute 
breathing impairment and even death (Horwell and Baxter, 2006). Longer term effects 
such as silicosis, a disease caused by scarring of lung tissue due to exposure to crystalline 
silica, can also be deadly. Documented cases of livestock being blinded as ash blows 
across the landscape also illustrate its extreme abrasiveness. Invertebrates also suffer 
from the physically abrasive effects of volcanic ash. Following the 1980 eruption of Mt. 
St. Helens, insects were found to have been killed en masse, not from the chemical 
effects of the eruption, but by the physical abrasiveness of ash, whereby shards of glass 
and highly angular mineral fragments borne on strong winds caused micro-lacerations of 
the cuticle, essentially causing the animals to desiccate and die (Edwards and Schwartz, 
1981). Other contributing factors in the death of insects following the eruption were 
obstruction of spiracle openings and accumulation of ash in the gut tract. The catastrophic 
effects of volcanic ash on insects led some workers to call it a “natural insecticide”. 
Poisonous gasses such as hydrogen sulfide, as well as acid rain are other factors 
contributing to the hazardous nature of volcanic ash in the terrestrial realm.  
The effect of volcanic ash on marine communities is surprisingly poorly 
understood. Once it enters the water column, its velocity is markedly slowed, so external 
lacerations or abrasions are an unlikely hazard of subaqueous ash. However, once the ash 
enters the respiratory and circulatory systems, the detrimental effects are likely similar to 
those found in terrestrial organisms. Invasion of the respiratory system is certainly a 
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contributing factor to mortality in decapods. Crawford et al. (2008) documented a case of 
a benthic community from the early Miocene Monte Leon Formation, consisting wholly 
of the decapod crustaceans Chaceon peruvianus and Archaeogeryon latus, which were 
preserved in life position with their third maxillipeds held in an unusual open position. 
This rare posture was interpreted to be a sign of respiratory distress caused by the 
invasion of the branchial chamber by volcanic ash, which was deposited via direct air 
fall. The open position of the third maxillipeds indicates that the animals reversed the 
flow of water through their branchial chamber. Crabs respire by the rhythmic movement 
of a pair of exopodite appendages (scaphognathites), located on the second maxilliped, in 
the pre-branchial chamber. This creates a water current, which is drawn through small 
openings, called Milne-Edwards openings, at the base of the coxae of their pereopods. 
This water is then circulated through the branchial chamber, irrigating the gill surfaces, 
and is exhaled through anterior openings between the antennae and maxillipeds. When 
the animals undergo respiratory distress (usually caused by anoxia or hypoxia), they open 
their third maxillipeds, and periodically reverse the flow of water through the branchial 
chamber, drawing water in through the anterior openings, and expelling it through the 
Milne Edwards openings at the base of the chelipeds. The effect of these current reversals 
is an acute increase in water pressure within the branchial chamber, which presumably 
aids in the expulsion of potentially harmful irritants. When buried in sediment, the 
frequency of these reversals is markedly increased (Arudpragasm, and Naylor 1963), 
which is interpreted to be an effort to keep the posterior gills ventilated. Additionally, the 
introduction of both charcoal and fine sand suspensions to the water had no effect on the 
frequency of current reversal, indicating that these suspensions did not cause the animals 
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respiratory distress. The implication of this for the present study is that it is the extreme 
abrasive nature of volcanic ash causes acute respiratory distress in marine organisms, 
similar to those seen in terrestrial organisms. In this study, many specimens of Chaceon 
peruvianus and Archaeogeryon latus which were buried in volcanic ash exhibit the same 
unusual open positioning of the third maxillipeds (see Figure 4) seen in the Crawford et 
al. (2008) study. In both cases, the cause of death is not interpreted to be obrution, as the 
accumulation of ash in such distal localities is low enough that the highly mobile crabs, 
which are capable of burrowing and swimming, would have been able to outstrip the 
sedimentation rate by digging themselves out of the accumulating sediment. Rather, 
invasion of the branchial chamber by volcanic ash likely caused acute respiratory distress 
and eventually death by either suffocation or fatigue. The increased frequency of current 
reversals in times of respiratory distress make it more likely that the crab specimens will 
be preserved with the third maxilliped in an open position, even though this posture is not 
seen in all specimens. Micro lacerations, obstruction of the Milne-Edwards openings, and 
fouling of the delicate gill surfaces caused by the fine-grained volcanic ash would inhibit 
gills from performing their normal respiratory functions, and death would soon follow.  
Abundant trace fossils in the tuffaceous units in this study indicate that volcanic 
ash is not detrimental to scavengers or burrowers after it is deposited. The presence of 
glass shards in the fecal pellets of scavengers (see Figure 5) indicates that they were 
actively processing volcanic sediments with no apparent detrimental effects. This 
suggests that the most harmful effects of the ash occur when it is still suspended in the 
water column, and is actively drawn in to the respiratory chamber. The effect on the 
molluscan community remains unclear; however, it is likely that pure burial was the 
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ultimate cause of death. Clams undergoing respiratory distress are capable of tightly 
closing their valves, and surviving without oxygen for sometimes months at a time. Many 
modern bivalves can switch from aerobic to anaerobic respiration during periods of very 
low oxygen content in the water (Ahmad and Chaplin, 1964). The ability of clams to seal 
off their internal organs and respiratory system from external conditions for long periods 
of time makes acute respiratory distress an unlikely cause of death. However, being 
sessile epibenthic organisms, they would have no way to dig themselves out from 
accumulating volcanic ash. All of the specimens of oyster found in life position in this 
study had their valves held tightly together, however it is likely that this would be the 
response of the animal regardless of the nature of the enclosing sediment. 
Modes of deposition of distal ash 
Deposition of volcanic ash in distal facies, especially in the marine realm, is a complex 
issue, which has been much debated through the years. Studies of modern volcanic 
eruptions have suggested that air fall deposits at locations at distances as great as the ones 
in this study generally do not accumulate in thicknesses greater than a few centimeters. 
Factors such as volcanic explosivity, duration of the eruption, regional weather patterns 
and atmospheric circulation all play a major role in the location, and thickness of distal 
ash deposits. Additionally, occurrences of “distal ash deposition maxima”, a phenomenon 
by which distal ash deposits anomalously thicken downwind of an eruption, have been 
observed in modern volcanoes. In the eruption of Mt. St. Helens, a distal ash deposition 
maximum occurred approximately 325 km away from the volcano. The mechanism by 
which distal ash maxima are deposited is not well understood, however, Durant et al. 
(1980) produced a study which suggested that distal ash deposition was 
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hydrometeorically enhanced. Hydrometeor-enhanced ash sedimentation has been shown 
to occur when fine ash (<100µm) reaches the troposphere, aggregates, and is deposited 
via air fall not as a single-particle fall, but as ash grain aggregates bound by ice, and 
eventually water. Variables such as weather patterns, wind strength, and volcanic 
explosivity will all have an effect on the distance of the distal ash deposition maximum. 
 The ash in this study was deposited into shallow marine seas, adding another 
element to the complexities of distal ash deposition. It may be intuitive to think that distal 
ash falls become more widely dispersed in the marine setting, as they would stay in 
suspension in the water column, however, this is not the case. Wisner et al. (1995) 
confirmed accelerated rates of marine tephra sedimentation in a study of the 1991 Mount 
Pinatubo eruption. They found that the settling rate of ash was >2 cm/s, close to three 
times greater than the rates predicted by Stoke’s Law. They hypothesized that the 
increased sedimentation rates were caused by particle aggregation once the ash entered 
the water column; however they failed to find any evidence of particle aggregates in the 
samples they collected. Later, Carey (1998) performed a study in which he 
experimentally confirmed enhanced rates of subaqueous ash sedimentation. The results of 
Carey’s experiments showed that the increased sedimentation rates were not caused by 
particle aggregation, rather by the formation of vertical gravity currents which he 
compared to convection cells. The formation of these vertical gravity currents accelerated 
the deposition of ash up to 10 times the predicted single particle settling velocity. 
Because of the difference in settling velocity in water vs air, the concentration of ash 
particles in the water column is higher than that of the air directly above it. After a critical 
ash concentration is reached, the suspended load rapidly descends in convective plumes, 
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dramatically increasing sedimentation rates. 
Modern studies of marine ash deposition rarely document thicknesses over a few 
centimeters (Sigurdsson et al., 1980), however, studies in the geologic record have 
documented accumulations of ash much greater than a few centimeters at distal localities. 
In a 1971 study of the upper Cretaceous Fox Hills Formation in North Dakota, Feldmann 
used an ash layer which was up to 2.5 meters in thickness as a reference datum to 
constrain the timing of deposition of different members of the formation. Later, Artzner 
(1974) produced a detailed isopach map of the ash, and documented maximum 
thicknesses of over 10 meters. The ash was deposited at the eastern margin of the Late 
Cretaceous Interior Seaway, with the closest possible volcanic provenance being the 
Yellowstone volcanic field, which would have laid approximately 900 km away. 
Similarly, the Miocene age “ashfall fossil beds” in northeastern Nebraska preserve the 
remains of a diverse mammalian fauna in ash deposits up to 2m thick. The source of ash 
has been interpreted to be the Bruneau-Jarbridge caldera, which lies approximately 
1400km west from the fossil site (Rose et al., 2003). In this case, local thickness maxima 
are interpreted to be a result of substantial aeolian redistribution of the ash as it blew 
across the open plains of western North America (Rose et al., 2003). During the Miocene, 
the geography of Patagonia would have been similar to that of the western plains of 
North America, where strong winds would almost certainly re-distribute large volumes of 
volcanic ash, some of which would ultimately end up in the shallow transgressing seas. 
There are several examples of supervolcano systems (systems which produce 
eruptions with a Volcanic Explosivity Index (VEI) of 8 or greater), though none have 
been identified from the Miocene (de Silva, 2008). Many eruptions with a VEI of up to 7, 
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such as the 0.45MA eruption of the Diamante caldera in the Mendoza Province, 
Argentina, have been also documented (Sruoga et. al., 2005). The eruption at Mt. St. 
Helens in 1980 had a VEI of 5, and ash falls were recorded at distances greater than 1,000 
km from the volcano.  
The modern wind direction in Patagonia is from west to east, and would have 
been the same in the Miocene. The paleolatitude also would have been similar and is such 
that the merging of cold Antarctic air and warm equatorial air at approximately 40° S 
latitude creates extremely strong winds in South America, known as “the roaring forties”. 
These strong winds are capable of transporting volcanic ash greater distances than normal 
weather patterns, and may allow for deposition of ash in greater thicknesses at distal 
localities. Given the rarity of distal ash accumulating in thicknesses greater than a few 
millimeters at distances greater than 600 km, it is unlikely that direct air fallout alone was 
responsible for ash deposition in the study areas, however substantial aeolian 
redistribution of ash is likely. Hydrometeor-enhanced ash sedimentation has already been 
discussed as a possible mode of deposition, however, according to modern studies, this 
enhanced sedimentation does not produce ash deposits thick enough to both kill and bury 
a benthic marine ecosystem (on the order of 10’s of centimeters).  
Fluvial systems also respond to massive influxes of pyroclastic material 
immediately following an eruption, which can result in the rapid deposition of large 
volumes of pyroclastic material in marginal seas. A volcanic eruption can greatly increase 
the suspended load of a river system, so much so that the density of the suspended load 
can surpass the density of seawater. When a suspended load reaches the sea with a 
concentration of ~36-43 kg m-3 or greater, a hyperpycnal flow will initiate (Mulder et al., 
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2003). A volcanic eruption can easily introduce enough pyroclastic material into a fluvial 
system to meet or exceed that concentration. Measured suspended load concentrations of 
up to 293 kg m-3  in a river system near Mt. Pinatubo were measured after its 1991 
eruption; a concentration which well surpasses the amount needed to initiate a 
hyperpycnal flow in sea water. When a hyperpycnal flow initiates, the suspended load 
can travel along the bottom of the seafloor for great distances where it can be directly 
deposited, smothering and asphyxiating benthic communities like the ones in this study. 
Additionally, volcanic ash can enter fluvial systems at any distance from the volcanic 
source. However, sorting processes would preferentially remove larger grains, leaving 
only the fine sand to silt and clay-sized particles. Matrix support is diagnostic of such 
deposits, and is a characteristic of all samples collected in this study which contain 
pyroclastic material. However, direct air fall deposits can also be characterized by matrix 
support, so this feature alone cannot be used to diagnose the mode of deposition of ash in 
this study. The extent of the flow is controlled by the discharge of the river, the amount of 
suspended material, and the geometry of the basin which it enters, which are all variable, 
so their extent is unpredictable. However, modern hyperpycnal flows have been known to 
travel distances up to 70 km (Mulder and Syvitski, 1995; Mulder et al., 2003; Zavala et 
al., 2010; Cuitiño and Scasso, 2013), well within the distance of the study areas from the 
paleoshoreline. Although hyperpycnal flows are a possible mode of deposition for ash in 
this study, no direct evidence of this scenario is observed, as any sedimentary structures 
diagnostic of such an event would have been destroyed by extensive bioturbation. 
Evidence for the presence of a river mouth near the field areas in this study is also 
lacking. Cuitiño and Scasso (2013) found abundant plant fossils in the hyperpycnal 
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deposits in their study, which is typical of deposits found near the mouth of a river. No 
such terrestrial fossils were found in any of the marine deposits in this study, suggesting it 
was some distance from any fluvial system. 
Given the thickness, distribution, and fossils contained within the ash deposits 
studied herein, the most likely mode of deposition is an air fall, directly followed by an 
influx of re-worked aeolian pyroclastics. Ash was found at all study sites, and is almost 
always associated with remarkably well preserved decapod crustaceans. A distinct 
Thalassinoid horizon correlates at least two localities (Playa Fracaso and Golfo San Jose), 
while closely matching X-Ray diffraction patterns indicate that all sites may be correlated 
to the same volcanic event. Large volumes of ash erupted from an extremely active 
Andean range in the Miocene were likely swept across the Patagonian steppe by strong 
winds, where they ultimately ended up in shallow seas which became established on the 
eastern continental margin during the middle Miocene transgression. The high rate of 
sedimentation, abrasiveness, and very fine grain size of the ash made it lethal to most 
marine organisms with whom it interacted. Nektonic and mobile benthic organisms (i.e. 
decapods) who would normally have been capable of escaping from such an event died 
from acute respiratory failure due to the extreme abrasive nature of the ash. This is 
indicated by the unusual posture of the third maxillipeds in most of the larger Chaceon 
specimens. Smaller Archaeogeryon specimens were uniformly found in inclined positions 
at Playa Fracaso, indicating the animals died while attempting to escape. The interior of 
the crustaceans was filled with ash which, in some cases, was bioturbated by scavengers 
who likely colonized the volcanic sediment immediately following the ash deposition. 
Sessile benthic organisms simply became buried and smothered.  The correlation of the 
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ash beds to rarely preserved crustaceans suggests that it  contributed to early taphonomic 
processes, where the very fine grain sized limited the ability of oxygen to infiltrate the 
sediment, greatly impeding early decay processes, which lead to the remarkable 
preservation we see today. 
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Table 1. 
Table showing the various ages assigned to the Puerto Madryn Formation by different 
authors noting the author, age, and dating method used. 
 
 
 
 
 
 
 
 
 
  
Age Dating Method Author 
Eocene Fossil deposits D’Orbigny, 1842 
15.6-13.5 Ma Calcareous nannofossils Malumián and Nañez, 1996 
Middle Miocene 
Mollusks, paleogeography, and 
paleoclimatology 
Cozzuol et al., 1993; Rive 
Rossi, 1996; 
Del Río, 1992 
10±0.3 Ma 
87
Sr/
86
Sr chronology using biogenic calcite Scasso et al., 2001 
9.4 Ma K/Ar geochronology Zinsmeister et al., 1981 
Late Miocene Vertebrate fossils (sharks and rays) 
Cione, 1978; Cione and 
Tonni, 1981 
Late Miocene 
Foraminiferan fossils (Protnelpnidium 
tuberculatum) 
Malumián and Masiuk, 
1973 
Pliocene Fossil deposits 
Philippi, 1893; Borchert, 
1901 
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Figure 1.  
Location map of the study area. Numbers correspond to field areas; 1= Paleosurface 2 
and 3; 2 = Punta Pardelas; 3 = Playa Fracasso; and 4 = Golfo San Jose. 
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Figure 2. 
Map showing the extent of the middle Miocene transgression. Gray areas indicate 
portions of the South American continent which were inundated with sea water during 
this time, modified from Malumian, 2011. 
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Figure 3. 
Stratigraphic section measured at Golfo San Jose. Note the onset of pyroclastic 
sedimentation at unit 4. 
 
 
 
 
40 
 
 
Figure 4 
Micrograph of a cross section through a pereiopod of Chaceon peruvianus from 
Paleosurface 2. Note the areas with biogenic calcite cement occur both inside and outside 
of the cut, indicating that fluids generated from decomposition leaked out of the animal. 
Seepage likely occurred when portions of the cuticle were broken shortly after burial. 
 
 
 
 
 
 
41 
 
 
Figure 5 
Paleosurface map of Punta Pardelas. Jagged edge indicates connection with the next portion of the map, continued on the next 
page
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Figure 5 (continued) 
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Figure 6. 
Lateral view of a specimen of Chaceon peruvianus from Punta Pardelas showing the 
unusual open position of the third maxillipeds. 
 
  
Third Maxilliped in open position 
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Figure 7. 
Fecal pellets from scavengers preserved in volcanic sediments. A. Pellets preserved 
within the ventral carapace of a specimen of Chaceon peruvianus from Playa Fracaso; B. 
Pellets in sediment outside of a specimen of Chaceon peruvianus from Paleosurface II; C 
Thin section photomicrograph of a fecal pellet from Golfo San Jose, note that the 
composition of the pellet is largely the same as the surrounding material; D. Close up of 
the pellet from C showing small volcanic glass shards within the pellet. 
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Figure 8. 
Photographs of two decapod specimens from Playa Fracasso showing the three types of 
scavenging traces. Type 1 burrows are associated with the Planolites ichnofabric, Type 2 
burrows are infilled with fine grained material and of unknown affinity, Type 3 are 
associated with the Skolithos ichnofabric. A. Specimen of Archaeogeryon latus; B. 
Specimen of Chaceon peruvianus 
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Figure 9. 
20X Petrographic micrograph in XPL showing a typical shard of partially devitrified 
volcanic glass from Golfo San Jose. Arrows point to areas where devitrification has 
crystallized patchy areas of the shard, making it no longer isotropic. Note the sharp white 
reaction rim of the shard, where devitrification processes were accelerated. Scale 
bar=0.1mm. 
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Figure 10. 
Photomicrographs of thin sections from Punta Pardelas showing different volcanic 
components. A, 10X image showing sediment fabric and different volcanic components; 
B, 40X image showing volcanic glass and a euhedral amphibole grain preserved in 
pristine condition; C, 40X image showing back-reacted plagioclase and other volcanic 
minerals; D, extremely delicate volcanic glass shard preserved, indicating low energy 
deposition; E, elongate volcanic glass needle indicative of an explosive eruption; F, 
rounded terrigenous quartz and plagioclase grains, which occur in extremely minor 
amounts in the sediment (<1%). GN= volcanic glass needle, BS=bubble shard, 
VM=volcanic mineral fragments, VL=volcanic lithics, BM=back reacted minerals, 
RQ=rounded quartz, RF=rounded feldspar. 
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Figure 11. 
Petrographic photomicrographs from PS III. A, 20X PPL image showing matrix-
supported volcanic components, P= pumice fragment, GS = volcanic glass shards, VM= 
euhedral volcanic minerals; B, 10X PPL image of a lens of larger, less dense volcanic 
grains between two layers of small dense opaque grains; C, SEM micrograph of clay 
matrix showing the crenulated morphology typical of smectite.  
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Figure 12. 
Stratigraphic section measured at Golfo San José with petrographic photomicrographs of 
thin sections. A, 10X photo of sediment from unit 5 showing sediment composed of well-
rounded to sub-rounded epiclastic grains; B, 20X photo of sediment from unit 5 showing 
a high concentration of volcanic glass particles and angular volcanic minerals; C, 20X 
photo of sediment from unit 4 representing the initiation of the deposition of volcanic 
material, showing matrix-supported volcanic glass shards and angular volcanic minerals. 
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Figure 13. 
X-ray diffraction patterns from all five field sites. Two hundred intensity counts have 
been added to each sequential spectrum in order to avoid overlap. From the bottom up, 
localities are as follows: Punta Pardelas, Golfo San José, Paleosurface II, Paleosurface 
III, Playa Fracaso. 
 
 
 
0
500
1000
1500
2000
2500
0 10 20 30 40 50 60 70
In
te
n
si
ty
 
2θ (Cu K-α) 
Intensity vs 2θ 
 
 
51 
 
 
Figure 14. 
Stratigraphic section measured at Playa Fracaso. Note the location of the decapod-bearing 
horizon correlated to mass kill horizons containing decapods at other field localities. 
Section measured by Casadío 
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